The hyperfine structure of the ground state rotational spectrum of C D 3I is remeasured with a greater accuracy and reanalyzed. The determinability of the hyperfine constants is discussed.
In tro d uc tio n
The ground state microwave spectrum of C D 3I was first analyzed by Kuczkowski [1] . Later Demaison et al. [2] have extended the measure ments up to 320 GHz. They have also measured pure quadrupole resonances by laser-radiofrequency double resonance which enabled them to determine with accuracy the quadrupole coupling constant and one spin-rotation constant. They have also been able to point out the effects of the centrifugal distortion on the quadrupole hyperfine structure. Recently the measurements have been extended into the submillimeter region, up to 650 G H z [3] permitting to determine the sextic centrifugal distortion constants H j, H JK and H KJ. Parallely to that work, Osipov and Grabois [4] have measured with great accuracy low J quadru pole transitions by microwave-radiofrequency double resonance. The hyperfine constants they have derived are much more accurate than those of [2, 3] , but they are also somewhat different. As these authors do not give their frequency measure ments, it is not possible to simultaneously fit all the experimental data in order to check the compati bility of the results. To circumvent this difficulty we have remeasured the hyperfine structure of some rotational transitions with an increased accuracy and we have performed a new analysis with emphasis on an accurate determination of the hyperfine constants. 
Experimental
The sample of C D 3I was purchased commercial ly from F LU K A A .G . (Buchs, Switzerland) and was used without further purifications.
To determine accurate hyperfine constants it is necessary to measure very accurately the transi tions.
Some strong transitions (selection rule: A F = A J = +1) have been measured between 60 and 121 G H z with a Lamb dip spectrometer. This spectrometer is similar to a semiconfocal interfero meter [5] : the propagation between a plane mirror and a spherical mirror is guided by two parallel plates. The spacing between the plates is 30 mm and the distance between the mirrors is 1 m. The microwave radiation propagates through the cell essentially in the TE, modes. It is possible to fit the width of these modes between 150 kHz and 1 M H z by adjusting the radius of the spherical mirror. The accuracy of the Lam b dip measurements is thought to be better than 10 kHz.
The A F = 0 transitions are much weaker (about 0 .2 -0 .1 % of the intensity of the A F = +1 com ponents) but they are very sensitive to the hyper fine constants. A great number has been measured between 360 and 400 G H z with a source modula tion spectrometer using a submillimeter B W O (Thomson) as source. The B W O is phase locked. Its power is optically focused through a free space absorption cell (length: 1 m) and detected by a He cooled InSb bolometer. After phase-sensitive detection, the signal is digitally averaged and pro cessed by a microcomputer (Apple II E) which calculates the line frequency after digital filtering. The accuracy of the measurements is about 100 kHz.
The other lines have been measured with a computer-controlled mm-wave spectrometer with superheterodyne detection [6] . This spectrometer permits measurements with very low pressure, hence with a good accuracy: between 20 and 50 kHz.
Theory
The frequency of a rotational transition 7+ 1, K <-J,K may be written as [7] 
The observed transitions exhibit hyperfine struc ture due to nuclear quadrupole and spin rotation interactions associated with the iodine nucleus in the molecule. These interactions are treated by perturbation theory. The resulting formula for the quadrupole energy is
The spin-rotation energy is, to first order,
where e q Q 0 is the quadrupole coupling constant independent of molecular rotation; Xj , Xj k and Xk are the centrifugal distortion constants introduced by Aliev and Hougen [8] ; Y { I ,J ,F ) is Casimir's function, E ( q the coefficient of the second-order contribution, and E { q this of third-order contribu tion [9] . The third-order contribution of the quadrupole is significant for several lines and neglecting it gives a definitely worse fit.
A sign convention consistent with [10] has been used. C^is the principal value of the spin-rotation tensor along the symmetry axis, and CN the prin cipal value in the direction perpendicular to it.
Analysis
The measured transitions are listed in Table 1 . First a weighted least-squares method was used to directly fit the frequencies of Table 1 and [1] [2] [3] to the parameters of (1), (2) and (3). The results of the fit are given in the first column of Table 2 . The correlation coefficients are given in Table 3 . All the parameters seem well determined. The least well determined constant is C K for which [11] (see Appendix)) gives a large value for F x = 31, so it is clear that the inclusion of C K improves the fit. However a fit with C K fixed at the value of Osipov et al. [4] gives a reduced chisquares x l = 0.472 identical to the ;^= 0 .4 7 2 obtained when all the parameters are free. This in dicates that the CK of [4] is probably as good as ours. Our parameter Cy is compatible with the one of [4] within one standard deviation. The contribu tion of C K to the frequencies is greater than 50 kH z for only 15 lines, and it is never greater than 100 kHz. As our best experimental accuracy is 10 kH z, this shows that only the order of magni tude of C K may be determined. After CK, the least well determined parameter is Xk f°r which Xk / g (Xk) = 9.2. But the contribution of Xk t0 the frequencies is greater than 50 kHz for 28 lines and is greater than 100 kHz for still 8 lines. So it may be concluded that Xk *s slightly better determined than C K.
On the other hand the constants X j and X jk seem to be incompatible. Indeed a fit with the hyperfine constants C N, C K, Xj> X jk and Xk fixed at the values of [4] (last column of Table 2 ) is worse (xl= 0.613 instead of 0.472). But the residues of only a few lines grow significantly. Although these Table 1 . Newly measured transitions of C D 3I (in MHz). To calculate the frequencies the constants of first column of Table 2 were used.
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lines are the most sensitive to the hyperfine con stants, their residues are still lower than 3cr. So it is very difficult to draw any conclusion. It is interesting to determine the parameters and their standard deviations by an independent method in order to check the validity of the results. We have used the jackknife technique [12] [13] [14] which seems well appropriate to our problem: The vector representing the unknown parameters may be written x=f(y\,y2, .. .,yn) , (4) where the y t are the measurements (frequencies) supposed to form a sample of independent and identically distributed random variables. Let x be an estimator of x based on the whole sample. The jackknife estimate is computed by dropping one of the measurements to give partial estimates:
The jackknife estimate of x is
n ;=i n ,= i and the corresponding variance is
The drawback of this method is that it is very expensive in computer time. But in our particular case, although we have 301 data and 12 param eters, it is still acceptable: about 4 hours on a Mac intosh + for a program written in F O R T R A N (in stead of 2 mn for the direct least-squares fit). The results are given in the second column of Table 2 . It may be seen that the agreement is very good with the ordinary least-squares method. The determination of the hyperfine parameters from a direct fit of the rotational transitions may be strongly affected by small systematic error measurements because the hyperfine contributions to the rotational frequency is only a small percent age of the frequency. To eliminate at least partially these errors it is possible to use the splittings between frequencies of hyperfine multiplets as input in the least-squares analysis. In this case the data are no more statistically independent but are correlated. The neglect of these correlations can lead to constants differing significantly from those obtained by the correct procedure and can also underestimate the rms errors of those constants [15] . Lees [16] has shown how the least-squares procedure should be modified: the diagonal weight matrix in the weighted least-squares procedure has to be replaced by a nondiagonal matrix V~\ where V is the variance-covariance matrix for the data. The form of V depends on the choice of observable. The easiest procedure is to take the strongest component of each multiplet as the reference line v0, and take the differences between all other components and the reference as observ ables y, = v ,-v 0. The variance-covariance matrix V is then block-diagonal, with a block associated with each multiplet. Its elements are
where a 2 is the variance of v, and v0. It is to be noted that different multiplets may have different variances. K _1 has a very simple form which is very easy to calculate [16] . On the other hand if the individual lines of a multiplet have different mea surement accuracies, the V matrix has to be inverted numerically. But this complex procedure was unnecessary in our case. The results of the cor related least-squares procedure are shown in the third column of Table 2 and the correlation coeffi cients in Table 3 . The results are in very good agreement with those of the first two columns of Table 2 , but the standard deviations are slightly higher. It could be simply due to the fact that the number of degrees of freedom is smaller: 191 data for 6 parameters versus, 301 data for 12 param eters in the first two cases. In fact if we randomly drop some data in the fit of the frequencies, the standard deviations increase too. Moreover if we correct the frequencies for the hyperfine interac tions and then fit the unperturbed frequencies to the six parameters of (1), we get also higher stan dard deviations than those of the first column of Table 2 although we are sure in this case not to lose any information. But here again the numbers of degrees of freedom is smaller: 99 data for 6 param eters. As expected, neglecting the correlations be tween the experimental data increases significantly the standard deviation of the fit (26 kHz instead of 20 kHz) and modifies the values of some parame ters.
The eqQo of Osipov and Grabois [4] is more accurate than ours. It is not surprising because these authors have accurately measured pure quadrupole transitions of low J , these transitions being the most sensitive to e q Q 0. Their C N and C K are more accurate too. This may also be due to the great accuracy of their measurements. It is to be noted that their e q Q 0, C N and C K are compatible with ours within one standard deviation. On the other hand their centrifugal constants X j, X jk ar*d Xk are different from ours. But their greatest J value was only 7 whereas ours is 32 and our great est K value is 24, so our centrifugal constants are very likely better determined: for instance the maximum contribution of X j to the quadrupole transitions 7 = 7 is only 9 kHz (19/2-17/2 com ponent) whereas this contribution is greater than 100 kHz for 26 of our rotational transitions (and greater than 150 kH z for 8 rotational transitions).
Conclusion
The rotational hyperfine structure of C D 3I in this vibrational ground state has been analyzed by three different methods. They give results in very good agreement. So it may be concluded that the derived parameters are reliable, although some of them (C K and X k ) are not very accurate. Their accuracy could be improved by using pure quadrupole transitions, like those measured by Osipov and Grabois [4] .
A ppendix
We have n measurements y-t of standard devia tion <7/ to be fitted to p parameters x,. The column vectors x and y are related by the matrix equation [17] The x2 of the fit is [10] x2= I ^4-• where yi = y ? ', -y ?'c .
/= i er~ and the reduced -y}
If the model is appropriate for describing the data, than x5~l-V -1 of the variance-covariance matrix V [15] . These two matrices are block-diagonal, with a block of the form The formula for F v is
x1ip-\)-x1{p) xl(p)
F x follows the F distribution and should be small when the model with p terms does not significantly improve the fit over the model with p -1 terms. When the observables are correlated, the weight matrix W has simply to be replaced by the inverse 
